Over 190 independent insertions into target plasmids of the retro virus-like element Ty3 were recovered and mapped. Ty3 was shown to insert upstream of tRNA, 5S, and U6 genes, all of which are transcribed by RNA polymerase III. Integration sites were within 1-4 nucleotides of the position of transcription initiation, even for one mutant gene where the polymerase III initiation site was shifted to a completely new context. Mutagenesis of a SUP2 tRNA gene target showed that integration required functional promoter elements but that it did not correlate in a simple way with target transcription. This is the first report directly linking a discrete genomic function with preferential insertion of a retrotransposon.
Although many of the molecular details of the integration of retroviruses and retrotransposons have been defined, little is known about factors that influence selection of the insertion site in vivo. Data from several laboratories indicate that target selection is not a random process (for review, see Sandmeyer et al. 1990 ). Previous studies have demonstrated that integration may occur preferentially into accessible regions of chromatin as defined by DNase I hypersensitivity (Robinson and Gagnon 1986; Vijaya et al. 1986; Rohdewohld et al. 1987 ) and into DNA being actively transcribed (Scherdin et al. 1990 ). Shih et al. (1988) identified a small number of sites targeted by Rous sarcoma virus at a frequency -1,000,000 times that expected for random insertion. Selected insertions of the Sacchawmyces retrotransposon Tyl, which inactivated target genes, occurred predominantly within the 5' portion of the LYS2, URA3, and CANl genes (Eibel and Philippsen 1984; Simchen et al. 1984; NatsouHs et al. 1989; Wilke et al. 1989) . However, in the case of insertions inactivating the CANl gene, the insertion-site bias was strain dependent (Wilke et al. 1989 ).
The development of in vitro systems has facilitated characterization of the mechanism of integration of retroviruses and retrotransposons. Although nucleocapsids cofractionate with integration activity (Brown et al. 1987; Eichinger and Boeke 1988; Bowerman et al. 1989; Fujiwara and Craigie 1989) , the viral integrase protein (IN) has been shown to be sufficient for cutting and joining naked DNA in vitro (Katzman et al. 1989; Craigie et al. 1990; Katz et al. 1990 ). In vitro integration into naked DNA targets appears to be relatively random (Brown et ^Coiiesponding author. al. 1987; Eichinger and Boeke 1988) . In vitro integration of Moloney murine leukemia virus (MoMLV) DNA mediated by viral cores into a chromatin substrate showed no concentration of insertions in the nucleosome-free region but did show a pattern of insertions at 10-bp intervals consistent with a role for chromatin proteins in insertion site selection (Pryciak et al. 1991) .
The retrotransposon Ty3 is one of four known retroelements in Saccharomyces (for review, see Boeke and Sandmeyer 1991) . It is fundamentally similar to retroviruses in encoded protein sequence and gene organization (Hansen et al. 1988 ). This 5.4-kbp element consists of an internal domain flanked by long terminal repeats (LTRs) of 340 bp called CT . The genomic RNA contains two overlapping open reading frames (ORFs), GAG3 and POL3, referred to previously as TYA3 and TYB3, respectively. These reading frames encode proteins that are homologous to retroviral gag and pol gene products. GAG3-and POL3-encoded proteins have been shown to assemble with the RNA to form viruslike particles (VLPs) analogous to retroviral cores Hansen et al. 1991) . Expression of Ty3 RNA under the transcriptional control of the GALl-10 upstream activating sequence (UAS) (Johnston and Davis 1984) results in detectable transposition (Hansen et al. 1988) . Newly integrated elements are flanked by characteristic 5-bp direct repeats of host sequence. Transfer RNA genes were shown to be the primary genomic targets of de novo transposition with Ty3 integrating within 16 or 17 nucleotides from the 5' ends of coding regions for mature tRNAs . No insertion site consensus sequence could be deduced, and Ty3 does not have tRNA gene-sequence similarity.
Although different genomic tRNA gene families are quite distinct in sequence, they do contain conserved patterns corresponding to tRNA secondary structure and RNA polymerase III promoter motifs. Two promoter elements, box A and box B (for review, see Geiduschek and Tocchini-Valentini 1988) , direct assembly of the polymerase III transcription complex on the gene. The box B element is the primary recognition element for transcription factor C (TFIIIC) (Gamier et al. 1985; Baker et al. 1986 ), whereas box A apparently ensures proper positioning of this factor for transcription initiation (Giliberto et al. 1983) . TFIIIG mediates binding of TFIIIB (Lassar et al. 1983; Segall 1986 ) upstream of the initiation site . Polymerase III initiates transcription on the factor-bound template.
The following study was undertaken to identify features of tRNA genes that make them targets for Ty3 integration. An assay was developed to recover insertions of a marked Ty3 element into a plasmid at positions that did not depend on a phenotypic effect stemming from the position of the insertion. This assay allowed investigation, for the first time, of the relative contributions of primary sequence and transcriptional activity to in vivo targeting of a retrotransposon. Integration occurred exclusively near the site of transcription initiation of the target tRNA gene and was dependent upon intact promoter elements. In addition, we show here that other genes transcribed by polymerase III, 5S and U6 genes, can also serve as targets of Ty3 integration.
Results

Recovery of Ty3 insertions into target plasmids
High-level expression of Ty3 RNA results in Ty3 transposition (Hansen et al. 1988) into sites upstream of genomic tRNA genes (Ghalker and Sandmeyer 1990) . To determine what features of the tRNA gene mediate targeting, an assay was developed to recover transposed elements in target plasmids independent of the site of integration. In this assay, summarized in Figure 1 , the donor Ty3 element, Ty3-N, was tagged with the bacterial neo'^ gene, which confers G418 resistance in yeast. Transposition experiments were performed using yeast strain yDLG221. This strain contains an integrated, galactose-inducible, Ty3 helper element that is required to provide the essential proteins in trans because the Ty3-coding region is disrupted by the neo'^ gene in Ty3-N. The Ty3-N element was placed on a low-copy, URA3 plasmid, to produce donor plasmid pDLG348.
The SUP2 tRNA^'"^ gene was cloned onto a high-copy, H/S3-marked shuttle vector to provide multiple plasmid targets per cell. This tRNA gene was chosen because Figure 1 . Transposition assay. Yeast strain yDLC221 containing a galactose-inducible, Ty3-1 element was transformed with both a low-copy URA3 donor plasmid (pDLC348) containing a neo'-marked Ty3 element (Ty3-N) and a high-copy HISS amp' target plasmid (pDLC300 in this illustration, containing the wild-type SUP2 tRNA'^^'^ gene). The procedure for isolation of the targeted plasmids is summarized at bottom. yeast strains had been identified previously that contained a a element at the SUP2 locus (Sandmeyer and Olson 1982) ; suggesting that it is a target for Ty3 transposition. The SUP2 gene is a member of a family of eight tRNA^^"^ genes of identical structural sequence, and de novo Ty3 transposition upstream of another member of the tRNA^^"^ gene family had also been detected ). In addition, transcriptional properties of the tRNA^^"^ gene family have been studied extensively (Kurjan and Hall 1982; AlHson et al. 1983; Baker et al. 1986; Kassavetis et al. 1989; Kassavetis et al. 1990 ).
The target plasmid carrying the SUP2 gene, pDLC300, was cotransformed with donor plasmid pDLC348, containing the Ty3-N element into yeast strain yDLC221. Transposition was induced by plating these transformants on medium containing galactose. Individual, galactose-induced colonies were transferred to rich medium (YPD) containing G418. This level of G4I8 (700 |jLg/ml) enriched for cells in which Ty3-N insertions had occurred into the high-copy target plasmid. G418-resistant cells that had lost the C/i?A3-containing donor plasmid were then selected on medium containing 5-fluoroorotic acid (5-FOA). 5-FOA is toxic to cells containing an active URA3 gene. The G418-resistant colonies that retained the H/53-marked target plasmid in a high proportion of cells were identified on synthetic medium lacking histidine. DNA was isolated from these cells, and plasmids containing Ty3-N insertions were recovered by transformation of Escherichia coli to kanamycin and ampicillin resistance. Plasmid DNA was isolated and analyzed from a single E. coli transformant per galactoseinduced colony to ensure that the Ty3-N insertions were independent. Transposed elements were not observed in the absence of galactose induction. In the experiments described below, 198 independent Ty3-N integrations into target plasmids were recovered from 538 individual, galactose-induced colonies carried through the selection scheme. That is, after induction, approximately one in three 5-FOA-, G418-resistant colonies that had retained the target plasmid at a high frequency had Ty3-N insertions in that plasmid. The sites of Ty3 insertion were determined, at a resolution of -50 bp, by restriction enzyme digestion in all cases and were further defined by DNA sequence analysis in a number of these.
A total of 144 Ty3-N insertions have been mapped by restriction digestion to positions upstream of the SUP2 gene carried alone or together with a second test gene on the target plasmid. The orientation of integrated Ty3 elements appeared nearly random as 76 insertions were oriented so that transcription of the tRNA and the Ty3 were divergent, and 68 were observed in the opposite orientation. The positions of 14 insertions into plasmids bearing the SUP2 gene were determined by DNA sequence analysis and were shown to be situated so that the Ty3 sequence started upstream within 15-18 nucleotides of the beginning of the coding region for the mature tRNA. Taking into account the 5-bp duplication generated upon integration, the gene-proximal nick at the target site would have occurred within 3 nucleotides of the transcription initiation site and within 13 nucleotides of the coding region (discussed below). Despite the presence on the target plasmid of >4 kbp of DNA not essential for plasmid maintenance in yeast or £. coli, Ty3 integrations were recovered exclusively in the upstream flank of the tRNA gene. We cannot exclude the possibility that insertion could have occurred into positions on the plasmid that disrupted required function of some component essential for plasmid maintenance or that it occurred into other positions infrequently and therefore was not observed. Nevertheless, these results showed that a tRNA gene on a plasmid is a highly preferred target of Ty3 transposition and that when this member of the tRNA^''" gene family was used as a target, the positions of integration varied within a small number of bases close to the initiation site.
The ability to bind polymerase III transcription factors is an essential feature of Ty3 integration targets
The preceding results, together with those from a study of genomic integration , suggested that tRNA gene targets were not distinguished by a particular sequence at the insertion site but, rather, by some common feature(s) of tRNA genes, such as promoter elements or transcription factors. The plasmid target assay was therefore used to investigate whether a functional promoter was required for targeting. To inactivate the tRNA gene transcriptionally, a single-basepair mutation was introduced into the box B sequence, which is well separated from the insertion site. To monitor expression of this and other mutant genes, a wildtype gene was first modified by insertion of 6 bp into the 14-bp intron, creating a BstEII site [sup2 + b] . This insertion allowed specific detection of RNA synthesized from the marked gene by reverse primer extension with an oligonucleotide complementary to sup2 + b pre-tRNA (Kinsey and Sandmeyer 1991) . The tRNA or pre-tRNA produced from unmarked genomic or plasmid-based tRNA^^"^ genes was not significantly detectable under our extension conditions. A conserved C at nucleotide position 56 of the tRNA gene [defined relative to tRNA-^^ (Sprinzl et al. 1989) , but actually at nucleotide 83 of the SUP2 tRNA gene (see Fig. 2A) ] was changed to G in the SUP2 gene {sup2G56] and the sup2 + b gene {sup2G56 + b]. The C56^G mutation in box B was shown previously to eliminate suppression by the gene for a tRNA^^"^ ochre suppressor (Kurjan and Hall 1982) . In vitro this mutation was shown to decrease transcription of the SUP4 tRNA^y^ gene to 5% of wild type (Allison et al. 1983 ) by severely reducing the ability of box B to bind TFIIIC (Baker et al. 1986 ). Extension of primers complementary to sup2 + b using template RNA extracted from control cells transformed with a plasmid carrying the sup2 + b gene showed products representing both pre-tRNA and end-processed pre-tRNA, but RNA extracted from cells transformed with the plasmid containing the sup2G56 + b gene showed no evidence of pretRNA (Fig. 2B) . The transcriptionally inactive sup2G56 gene v^as tested for its activity as a target for Ty3 transposition. To directly compare the frequencies at which the mutant and w^ild-type targets were used, the target plasmid was modified to contain two tandem tRNA genes in the same orientation with respect to transcription. Two wild-type SUP2 genes carried in tandem (separated by ~ 1 kbp) each acted as integration targets (Fig. 2C ). In this case, of 20 independent insertions recovered, 12 were into the upstream gene and 8 were into the downstream gene. The sup2G56 gene was placed both upstream and downstream of a SUP2 gene to control for potential positional effects. Of the 25 Ty3 insertions analyzed, all occurred upstream of the wild-type gene (Fig. 2C ). Eleven insertions were isolated when the wild-type gene was upstream of the sup2G56 gene, and 14 insertions were recovered when the wild-type gene was present downstream. The mutation in box B of the sup2G56 gene therefore decreased its ability both to assemble the polymerase III transcription factors and to function as a target for Ty3 transposition. A deletion of the box A promoter element and -40 bp of neighboring sequence from the sup2 + b gene eliminated detectable transcripts in vivo as determined by primer extension analysis and also eliminated the ability of the gene to serve as an efficient target (discussed in more detail below). Together, these results showed that promoter elements are important for targeting Ty3 integration.
Ty3 integration occurs in the region of transcription initiation of class III genes
Because the plasmid target assay showed that polymerase III promoter elements are important to target Ty3 to tRNA genes, we investigated whether other genes transcribed by RNA polymerase III, the 5S rRNA gene and the U6 snRNA gene, SNR6, are also targets for Ty3 integration. Because these genes utilize some transcription factors in common with tRNA genes, but have differences in sequence and placement of polymerase III promoter elements, these experiments offered the additional possibility of distinguishing a requirement for promoter sequences from a requirement for components of the transcription complex. Figure 3A is a schematic diagram showing the different promoter elements for each of these classes of polymerase Ill-transcribed genes. The target activities of these genes relative to SUP2 were determined by placing each on a plasmid in tandem with the tRNA gene in both upstream and downstream positions. Ty3 recognized both 5S and U6 genes as integration targets. In each case, however, the tRNA gene was the preferred target, even when downstream of the other gene. Overall, the 5S gene was the target of 4 of 25 insertions, and the SNR6 gene was used in 8 of 46 insertions examined (Fig. 3B ).
All 71 insertions recovered into plasmids carrying different combinations of the SUP2, 5S, and/or U6 genes were shown by restriction digestion analysis to be near the 5' end of one of the polymerase Ill-transcribed genes. The sites of a subset of Ty3 integrations into plasmids containing these class III genes, either when the test gene was alone on a plasmid or in tandem with a SUP2 gene, were defined further by DNA sequence analysis, and the results for 14 insertions targeted to SUP2 (discussed above), 5 targeted to 5S, and 9 targeted to SNR6 are presented in Figure 3B . Remarkably, the beginning of Ty3 sequences upstream of each gene was concentrated within a 2-to 4-nucleotide region. In each case, the position of the insertion was within the region of transcription initiation, located so that the gene-proximal site of nicking would have been within 3 nucleotides of the polymerase III transcription initiation site. Therefore, despite differences in primary sequence and in spacing of the promoter elements, the site of Ty3 integration upstream of different class III genes was within the region of transcription initiation.
The finding that each of these class III genes acted as a Ty3 integration target and that the sites of integration were all within the region of transcription initiation suggested a role for the transcription complex or even transcription initiation in Ty3 targeting. By modifying the SUP2 gene site of initiation, we tested whether integration was linked (I) to specific DNA sequences contained within this region, (2) exactly to the start-site nucleotide, or (3) more generally to the region within which polymerase III initiates transcription. Two altered SUP2 targets were constructed in which the context of initiation was modified (shown schematically in Fig. 4A ), and the effect of the modification on transcription was monitored by reverse primer extension of RNA isolated from cells containing these mutated genes (Fig. 4B,C) . RNA polymerase III preferentially intiates transcription with a purine nucleotide. In the first construct, four pyrimidine nucleotides were substituted for purine nucleotides surrounding and including the initiation nucleotide of the sup2 + b gene to produce sup2Py+b. The high-copy target plasmid carrying the sup2 + b or mutant tRNA gene was transformed into strain yDLC221 together with the Ty3-N donor plasmid. RNA was isolated from these transformants, and the effect of the nucleotide substitutions on transcription was analyzed by reverse primer extension using the sup2-I-b-specific oligonucleotide (Fig. 4B) . Transcription of the sup2Py+b gene initiated at the first available purine, position -I-4 relative to the wild-type start at position +1. In addition, the sup2Py + b gene pre-tRNAs were present at less than one-tenth the level of the pre-tRNAs from the wild-type control genes (discussed below), suggesting that transcription initiation did not occur efficiently on this mutant template.
Target plasmids, containing sup2Py + b into which Ty3 had integrated, were isolated, and the positions of 11 Ty3 integration sites upstream of sup2Py + b were determined by DNA sequence analysis. TyS insertions occurred at the same positions as observed for the wildtype gene, with the TyS sequence beginning 16 or 17 nucleotides 5' of the coding region for the mature tRNA (Fig. 4D) . The predominant insertion site 5' of sup2Py + b was actually I nucleotide farther upstream than the predominant insertion site of the wild-type gene so that target nicking must have occurred 3-4 nucleotides upstream of the transcription start site. Therefore, the change in initiation site did not cause a similar shift of the Ty3 integration site.
To determine whether the observed association between the position of integration and the site of transcription initiation is linked with particular sequences at the insertion site or reflects a more general association with the region of initiation, a target was constructed that contained the sequences surrounding the site at which Ty3 integration occurred in the unaltered gene, but in which the site of transcription initiation was shifted to an upstream position. This test gene was constructed by deletion of the wild-type box A along with -40 bp of surrounding sequence from sup2Py + b {sup2-A], followed by introduction of a box A consensus upstream of the original transcription initiation site {sup2+A]. Each of these constructs was placed on the high-copy target plasmid and transformed into yDLC221 along with the Ty3-N donor plasmid. The transcriptional activity of each mutant construct was determined by primer extension analysis using template RNA isolated from the appropriate transformants and a primer oligonucleotide spanning the boxA deletion junction. This primer ensured specific detection of products expressed from the plasmid-bome templates. No transcripts were detected from the sup2-A gene. Insertion of the boxA sequence upstream of the original start site, however, restored transcription. The major site of transcription initiation was mapped by reverse primer extension to a position 17 nucleotides upstream of box A, the same distance as the wild-type start site is from the natural box A (Fig. 4C) . To simplify comparisons of the insertion sites, the sup2 + A initiation site (at position -43 relative to the wild-type start site) is designated -I-1. Minor species were generated in the primer extension reactions that could correspond to transcripts from alternative start sites or to processed transcripts. Nevertheless, it is clear that the site at which transcription starts is in a new sequence context with the unused, original initiation-site context downstream.
The box A mutant genes were cloned into a target plasmid in tandem with a wild-type SUP2 gene to determine their relative target activity. When the sup2-A gene was tested, 12 of 12 Ty3 insertions were observed upstream of the wild-type gene (Fig. 4D) . However, of 21 insertions into the target plasmid carrying both the sup2 + A and SUP2 genes examined, 9 were associated with the mutant gene. A total of 11 insertions associated with the sup2 + A gene, either when alone or in tandem with the SUP2 gene, were mapped by DNA sequence analysis. Of these, all occurred so that the gene-proximal nick site was within 2 nucleotides of the new transcription initiation site (Fig. 4D) . Thus, despite retention of the original insertion site sequences downstream, Ty3 integrated in the functional region of transcription initiation. These data, taken together with the integration pattern at the sup2Py+b gene, suggested that Ty3 integrates within the region of initiation, but not at an exact site fixed by transcription initiation.
Targeting efficiency is not directly related to transcriptional activity
Mutations in the tRNA gene that eliminated detectable in vivo expression of the altered constructs, sup2G56 and sup2 -A, also abolished Ty3 target activity of these genes. However, class III genes, which have differing promoter sequences, served as targets for Ty3 integration. These observations argued that the polymerase III transcription complex itself may target Ty3 integration. Mutant tRNA genes with decreased transcription were used to assess whether integration activity of a target is simply a function of its transcriptional activity. Primer extension analysis showed that the levels of pre-tRNA expressed from the sup2Py + b gene are less than one-tenth the levels of pre-tRNA from the wild-type gene (Fig. 4B) . Because only pre-tRNA is detected with this primer and because the mutant pre-tRNA is very similar in structure to the wild-type tRNA, it is most likely that the different levels of pre-tRNA observed are attributable to differences between wild-type and mutant transcription rates, rather than RNA stability. The in vivo expression of the sup2 + A gene could not be quantitatively compared to expression of the wild-type gene, because the oligonucleotide primer specific for sup2 + b pre-tRNA did not armeal to sup2 + A pre-tRNA. However, comparison of the levels of primer extension products synthesized from equivalent amounts of template RNA extracted from cells containing either the mutant or wildtype gene and using oligonucleotide primers of similar specific activities indicated that lower transcript levels were produced from the mutant gene. Transcription of sup2Py + b and sup2 + A templates in vitro using a partially purified RNA polymerase III transcription extract confirmed that the transcriptional activity of each of these genes was decreased relative to the wild-type SUP2 gene, although the ratio of mutant to wild-type transcription in vitro varied somewhat from the relative levels observed in vivo (data not shown).
The sup2Py+ b gene and the sup2 + A gene were each tested on plasmids in tandem with the wild-type gene. Independent Ty3 insertions were recovered into each plasmid and mapped. Although the transcription of each mutant gene was at least half that of the wild-type SUP2, the target use was comparable (Fig. 4D) . Therefore, although the ability to form the polymerase III transcription complex is likely to be essential for Ty3 integration, the actual level of transcription of the target gene is not directly correlated with its target usage.
Discussion
We have described an assay to recover unselected retrotransposon insertions into a target plasmid. Using this assay, and the established preference of Ty3 for transposition upstream of tRNA genes, we investigated factors that contribute to integration site selection. Ty3 transposition into the plasmid was dependent on the presence of a polymerase Ill-transcribed gene. A polymerase IItranscribed gene, TRPl, placed on the target plasmid and not required for plasmid maintenance, did not serve as a transposition target (data not shown). Of 178 Ty3 insertions into plasmids carrying tandem polymerase III genes, as well as several insertions recovered into plasmids bearing a single test gene, integration occurred immediately upstream of class III genes exclusively. In 49 cases, where the position of insertion was determined by DNA sequence analysis, target-proximal nicking was within 1-4 bp of the transcription initiation site. Ty3 transposition was dependent on the presence of intact promoter elements. Mutation of the boxB promoter element or deletion of the box A sequences from a SUP2 gene destroyed its ability to serve as an integration target.
Integrations upstream of the plasmid-borne SUP2 tRNA gene were into the same positions as insertions previously characterized upstream of genomic tRNA genes. Nevertheless, transposition into target plasmids differed from genomic integration in two ways. First, 5S genes were used ds targets, although at one-fifth the frequency that tRNA genes were used as targets. In a survey of 91 independent genomic Ty3 insertions, no integrations were observed in association with the estimated 140 genomic 5S genes . Even taking into account the apparent reduced targeting of plasmid-based genes relative to a control SUP2 tRNA gene on the same plasmid, several insertions upstream of 5S genes should have been recovered in the genomic sample. The location of 5S genes in Saccharomyces cerevisiae within a large, tandem rDNA repeat contained within the nucleolus (Bell et al. 1977) could potentially limit the availability of these genes as transposition targets. A second apparent difference between genomic and plasmid Ty3 insertions is in the constancy of their orientation relative to the target gene. Analysis of seven genomic tRNA gene loci used as targets in two or three independent integrations revealed that the orientations of the integrated Ty3 elements were the same at any particular locus . In addition, two-thirds of endogenous a-element insertions that have been characterized have been found to be oriented so that transcription from the element is divergent to transcription of the adjacent tRNA gene . Insertions into the plasmid-borne SUP2 gene were less biased with respect to orientation. Of a total 144 insertions upstream of the SUP2 gene examined in this study, 76 integrated so that directions of transcription of the Ty3 and the tRNA gene were divergent, and 68 integrated in the opposite orientation. Thus, our data suggest that genomic organization can constrain target site usage and that plasmid-borne targets consisting of more localized sequences are not subject to the same constraints. These differences could relate to the state of the chromatin assembled on sequences flanking the target, to functions of flanking sequences, or to nuclear localization.
Three general models are formally consistent with our findings that genes transcribed by RNA polymerase III are targets of Ty3 transposition. These are depicted in Figure 5 . Model I postulates that DNA sequence (e.g., promoter elements box A and/or box B] or conformation are directly responsible for targeting Ty3 integration. Figure 5 . Models for interaction of the Ty3 integration machinery and the tRNA gene target. The hypothetical Ty3 integration complex, consisting of the linear Ty3 DNA bound at its ends by the Ty3 IN, is shown recognizing three possible tRNA gene target configurations in the region of transcription initiation. Internal promoter elements box A and box B are shown on the DNA to indicate the orientation of the gene. Transcription factor positions are approximate. Model I shows that the tDNA itself is sufficient to mediate this interaction; model II shows that transcription factors TFIIIB and/or TFIIIC must assemble on the gene to create the target; model III proposes that polymerase, but not necessarily transcription, is required for presentation of the target to the integration machinery.
Ty3 targets Pol Ill-ttanscribed genes
This model seems the least plausible because of the diversity of primary sequences and promoter element spacing represented by the three different classes of target genes. Transcription of these different genes requires recognition of the template by multiple protein factors, and notably, none of them act independently of other proteins on all three genes. In addition, because two to four different sites were targeted upstream of the genes studied, a flexibility is implied that seems incompatible with targeting by a specific DNA sequence or structure. Behavior of mutated targets was also not consistent with DNA targeting. Gross changes in the context of transcription initiation did not disrupt its regional association with integration; whereas a single nucleotide change distal to the target site, which eliminates transcription factor assembly, altered target activity dramatically.
According to the second model, transcription factors assemble on the gene to create the target. The Ty3 integration machinery could interact directly with proteins of the transcription complex or could recognize an altered DNA conformation induced by transcription factor binding. DNA bending is important for bacteriophage X (Goodman and Nash 1989; Snyder et al. 1989 ) and the Saccharomyces FLP (Schwartz and Sadowski 1989) recombination reactions. Both transcription factors TFIIIC and TFIIIB induce a bend centered near the transcription initiation site when bound to a tRNA*~^^" gene (Leveillard et al. 1991 ). An altered conformation could increase the availability of protein and/or DNA for interaction with the Ty3 integration apparatus.
It is useful to consider which transcription factors are likely candidates for mediating interactions of the Ty3 integration complex with its target. Despite the differences in promoter elements among the three classes of polymerase III genes, the requirement for at least some common factor(s) is striking. TFIIIB is known to be essential for transcription of each class of polymerase Illtranscribed gene (Segall et al. 1980; Shastry et al. 1982; Moenne et al. 1990) . In vitro footprint analysis using DNase I showed that TFIIIB alone protected the SUP4 tRNA^^"^ gene 5' flank beginning at position -4 on the nontranscribed strand (relative to the initiation site) and protected the 5S gene 5' flank beginning at position -8 and extending -45 nucleotides upstream in both cases (Braim et al. 1989; Kassavetis et al. 1989 Kassavetis et al. , 1990 . In addition, TFIIIB-bound templates show enhanced DNase I cleavage at or near the start site of each gene. The position of TFIIIB upstream of the gene and its ability to direct polymerase III initiation make this factor an intriguing candidate for recognition by the Ty3 transposition complex. The Dictyostelium repeated element (DRE) is also found integrated exclusively upstream of tRNA genes, but at position -50 (±3 nucleotides) (Marschalek et al. 1989) . If TFIIIB binds similarly in yeast and Dictyostelium, DRE integration would occur at the upstream boundary of the TFIIIB/DNA interaction.
TFIIIC is essential for both tRNA and 5S expression (for review, see Geiduschek and Tocchini-Valentini 1988) and is likely to have a role in U6 transcription in yeast as well (Brow and Guthrie 1990) . This factor directs TFIIIB binding to the 5' flank of these class III genes (Braun et al. 1989; Kassavetis et al. 1989 ). TFIIIC, alone or in combination with other transcription factors, could direct the Ty3 integration machinery to the transcription initiation region of the target gene in a manner similar to the way in which it interacts with TFIIIB. The gene-specific factors assembled with TFIIIC in the transcription complex, for instance, TFIIIA for 5S (Engelke et al. 1980) and TFIID for U6 (Margottin et al. 1991) , could account for the observed differences in target efficiency observed between these different class III genes.
Model III proposes that polymerase itself is required for Ty3 targeting. Active transcription is not necessarily required by this model. The Ty3 integration machinery could recognize a polymerase III subunit or a polymerase Ill-dependent DNA conformation. Kassavetis et al. (1990) have identified a region of single-stranded DNA extending from at least -7 to -I-7 by permanganate probing of polymerase associated with the transcription complex. Hence, the interaction of polymerase III with the DNA near the initiation site is within the region that is targeted by Ty3 during integration. The distribution of insertion sites 5' of the sup2Py gene, relative to those at SUP2, may indicate that polymerase III is present upon integration. The sup2Py+b transcription initiation site shifted downstream 3 nucleotides, yet contains no changes in the promoter elements that direct factor binding. The predominant insertion site 5' of this mutant gene, however, was I nucleotide upstream of the predominant SUP2 insertion site. An altered conformation of the transcription complex or a repositioning of polymerase may make the upstream site more accessible to Ty3 for integration. Alternatively, the sequence of the mutant gene in the region of integration simply may favor use of the upstream insertion site. Whether actual transcription of the target gene by polymerase III is required for targeting was not addressed directly by our experiments. Indirect evidence, however, suggests that target activity is not a simple function of transcriptional activity. The sup2+A gene and the sup2Py+b gene, both of which appear to have reduced expression in vivo and in vitro, were virtually equivalent to the wild-type SUP2 gene in targeting.
The target specificity of Ty3 has facilitated identification of parameters affecting the choice of retrotransposon integration sites. Although many investigations of retroviral and retrotransposon integration have identified preferred integration sites, this is the first case correlating a preference with a specific cellular function. An obvious candidate for recognition of the class III gene target is the Ty3 IN. This protein is required for Ty3 transposition and is homologous to retroviral IN proteins (Hansen et al. 1988) , which have been shown to be sufficient for integration in vitro (Katzman et al. 1989; Craigie et al. 1990; Katz et al. 1990 ). Further characterization of Ty3 integration should shed light on mechanisms of target selection and possibly lead to the identification of specific interactions between host and retrotransposon proteins.
Mateiials and methods
Strains
Culturing and transformation of E. coli and S. cerevisiae strains were done according to standard methodology (Ausubel et al. 1989) . Transposition studies were performed using yeast strain yDLC221 , which contains a single, galactose-inducible Ty3 element introduced by integrative transformation . Galactose induction of the integrated Ty3 complemented transposition of a defective Ty3 element tagged with a selectable marker.
Single-stranded DNA used for site-directed oligonucleotide mutagenesis was generated in E. coli strain RZ1032 [lysA [61] [62] 
Plasmid constructions
All recombinant DNA techniques were performed essentially as described in Ausubel et al. (1989) . Plasmid pDLC348, which served as the Ty3 donor in the transposition studies described, was constructed as follows: The galactose-inducible Ty3 element derived from plasmid pEGTy3-l (Hansen et al. 1988 ) was tagged by inserting a 1060-bp BamHl fragment bearing the bacterial neo^ gene from pGH54 (Joyce and Grindley 1984) into a BamHl site, starting at nucleotide position 4882 of the Ty3-1 sequence, introduced by site-directed oligonucleotide mutagenesis ). An £coRI-//ifldIII fragment containing both the marked Ty3-N element and the yeast URA3 gene was ligated to the £coRI-HindIII vector fragment of piAN7 (Seed 1983 ). The resulting plasmid was made into a lowcopy yeast vector by inserting a 2.7-kbp £coRI fragment containing ARSl and CEN4 into the £coRI site downstream of the Ty3 element. A high-copy target vector, pDLC237, was constructed by inserting an 880-bp BamHl-Pstl fragment containing the yeast HIS3 gene derived from pDG201 (a gift from D. Garfinkel, Frederick Cancer Research and Development Center, Frederick, MD) and a 2.2-kbp £coRI fragment bearing the yeast 2-(jLm episome from YEp24 into the BamHl-Pstl and £coRI sites, respectively, of pIBI20 (International Biotechnologies, Inc) . Fragments bearing yeast genes tested for target activity were inserted between the £coRI and Smal sites of pDLC237 that lie between the 2-|j,m and HIS3 sequences. Modified SUP2 genes containing 6 bp, creating a BstEII site, inserted by site-directed mutagenesis into the 14-bp intron, are denoted by +b. The fragments with plasmid names given in parentheses were as follows: SUP2 (pDLC300), sup2 + b (pDLC356), and sup2G56 + b (pDLC565), each contained on a 1-kbp £coRI-PvuII fragment from pPM57 (Sandmeyer and Olson 1982) or mutated derivatives (Kinsey and Sandmeyer 1991) ; sup2G56 (pDLC315), on a 1-kbp £coRI-£coRV fragment; 5S (pDLC301), on a 342-bp £coRI-PvuII fragment from pBBlllR (Braun et al. 1989) ; and SNR6 (pDLC369), on an 1163-bp £coRI-H2ncII fragment from p589-H6 (Brow and Guthrie 1990) .
To construct target plasmids carrying test genes in a tandem array, the fragments mentioned above were inserted between £coRI and Smal sites of pDLC340, a pIBI20-piAN7 chimera containing two adjacent polylinkers created by ligating together the two vectors cut with HindlU. The plasmids that resulted from inserting the test gene fragments into pDLC340 contain each gene flanked by £coRI sites. These £coRI fragments were cloned into the £coRI site present between the 2-|xm sequences and the residing test gene of the target plasmids so that the direction of transcription of each test gene was the same.
The DNA sequences between nucleotide positions +3 and -1-62 encompassing the SUP2 boxA promoter element were deleted from plasmid pDLC363 that carried the sup2Py + b gene to create the sup2-A gene. The DNA was partially digested with Dral and digested to completion with BstEll, the ends were filled in using the Klenow fragment of DNA polymerase, and the DNA was circularized. Recovery of the mutant plasmid, pDLC373, was confirmed by DNA sequence analysis.
Site-directed oligonucleotide mutagenesis was performed by the method of Kunkel (1985) . The sup2Py + b gene containing pyrimidines substituted for purines in the region of transcription initiation of the wild-type SUP2 gene (see Fig. 4 ) was created by mutagenesis of pDLC356 using the oligonucleotide 5'-TTCAAGCCCTCCCTTTAAATCGACTCTCGG-3'. A boxA promoter element was introduced into pDLC373 bearing the sup2-A construct using the oligonucleotide 5'-AAGAAACAT-AGCCAAGTTGGTTTCAAGCCC-3', resulting in a 10-nucleotide insertion between positions -14 and -15 upstream of the SUP2 initiation site.
Recovery of target plasmids containing Ty3 insertions
yDLC221 cells were cotransformed with the Ty3-N donor plasmid pDLC348 and a target plasmid bearing the test gene of interest. Transposition was induced in isolated colonies by growing cells at 30°C on synthetic galactose-containing medium lacking both uracil and histidine, thus requiring retention of both plasmids. After 4 to 6 days, single colonies were transferred as patches of cells to rich medium (YPD containing 1% yeast extract, 2% Bacto-peptone, and 2% glucose) containing 0.7 g/hter of G418 and grown at 30°C for 36-48 hr. Patches were then replica plated to synthetic medium containing both 5-FOA (Boeke et al. 1984 ) and G418 at 1 and 0.7 g/liter, respectively, to select for G418-resistant cells that had lost the URA3 donor plasmid. Colonies from these plates were transferred to synthetic medium lacking histidine to screen for cosegregation of the target plasmid with the G418-resistance phenotype. DNA was isolated from his^ cells and used to transform £. coli to both ampicillin and kanamycin resistance. Plasmid DNA was extracted from £. coli transformants, each representing a single, galactose-induced colony, and analyzed for Ty3 integrants by restriction digestion. The positions of Ty3 insertions were determined by DNA sequence analysis using the method of Sanger et al. (1977) and the Sequenase enzyme (U.S. Biochemical).
In experiments comparing target activity, two genes in tandem on a high-copy plasmid were cotransformed with donor plasmid pDLC348 and assayed as described above. Target plasmids recovered in £. coli and conferring double antibiotic resistance were digested with £coRI to identify the gene at which integration occurred and digested with BamHl to determine the orientation of insertion.
Primer extension analysis of tRNA species
Expression of tRNA gene targets was evaluated by primer extension. Yeast cells transformed with high-copy plasmids bearing the various test target genes were grown in synthetic medium lacking histidine and containing glucose to an ODgoo between 0.5 and 0.8. Cells were harvested, and total RNA was extracted as described previously . Oligonucleotide primers bound to the template RNAs (20 [xg per reaction) were extended using purified reverse transcriptase (Life
